The article presents the results of research which describes antagonism between Pb-Zn in selected plant species from the area of Czestochowa -Mirow district (north-western part of the Czestochowa Upland). There were analyzed changes in the ratio of Pb/Zn in different organs of the tested plants as a function of the Zn content changes. The content of metals in the plants and the soil was determined using atomic absorption spectrophotometry AAS. In all organs of the plants there was observed antagonistic decrease of Pb uptake and accumulation, resulting from the increase in the concentration Zn.
Introduction
In recent times, plants contamination with various metal compounds related to the effects of human activity has been observed (Sas-Nowosielska 2009 , Ociepa et al. 2008 , Hławiczka 2008 , Bednarek et al. 2005 . Heavy metals of industrial pollutions prevent the full development of fl ora growing on spoil tips or the areas. The sources of plant pollution with heavy metals are also landfi lls, non-ferrous metal smelters, mines, plant protection chemicals, pesticides and fertilizers. The plants growing on the periphery of urban centers and busy roads contain 30-300 μg/g of Pb, and even > 1000 μg/g of Pb, wherein the average content of this element in the plant is in the range from 0.01 to 2.0 μg/g of Pb (Nagajyoti et al. 2010, Jadia and Fulekar 2009) .
Ions of heavy metals may be a potential source of danger for the human and animals (Karczewska et al. 2008, Gruca--Królikowska and Wacławek 2006) . Children and the elderly are particularly vulnerable to the toxic effects of heavy metals (especially cadmium and lead). Therefore there is an urgent need to minimize the negative effects of heavy metals on living organisms (Ociepa-Kubicka and Ociepa 2012 , Kwiatkowska--Malina and Maciejewska 2011 , Krzywy et al. 2010 , Suna et al. 2010 , Kabata-Pendias and Mukherjee 2007 .
The uptake of toxic elements from contaminated soils by plants often exceeds their acceptable norms and leads to phytotoxicity (Niesiobędzka et al. 2005 ). The distribution of trace metal ions generally can be arranged as follows: roots > stems > leaves > fruit > seeds (Jin et al. 2005) . The uptake of metal ions by the plants depends not only on the content of the compounds of these elements in the soil, but also on the affi nity of the plant in relation to the metal (Krzesłowska et al. 2010 , Peralta-Videa et al. 2009 , Vaillant et al. 2005 , Lehmann and Rebele 2004 .
In the mineral nutrition in plants there is often an antagonism between ions. The most signifi cant antagonism exists between mono-and divalent cations, but it also occurs among cations of the same valency and anions. Each metal ion has a specifi c, characteristic manner of uptake, transport and accumulation in the plant, but in the presence of other ions in the soil there are also noted interactions between the ions (Eapen and D'souza 2005) . These interactions can be of a neutral nature, wherein the occurrence of one element does not affect the uptake of others from the soil, or a synergistic one wherein there is observed an increase of one ion uptake in the presence of another and an antagonistic one -which is about stopping or reducing the uptake of one metal in the presence of another (Musielińska et al. 2014, Rout and Das 2003) . As an example of the latter type of the interactions can serve antagonistic decrease in the uptake and accumulation of heavy metals in plants, e.g. ions of Pb or Cd with the increase of the concentration of trace elements in the soil, e.g. Zn (Aslan et al. 2003 , Bolan et al. 2003 , Sady 2001 .
Concentration of heavy metals in soils, occurring especially in an easily bioavailable form to plants, may be the cause of an excessive uptake and negative infl uence on plants (Siwek 2008 , Terelak et al. 2000 . Under the infl uence of lead and other heavy metals inhibition of growth and delay of germination processes were observed (Furmanek and Andrzejewska-Ponomarev 2006 , Rao 2006 , Usman et al. 2006 . The simultaneous occurrence of both lead ions as well as other metal ions (e.g., zinc) during their accumulation in different organs of the plant may lead to the antagonism of lead. Zinc plays an important role in plant metabolism. Both the defi ciency or excess of the metal limit the growth and development of plants. Zinc is taken by the plant proportionally to its content in the soil, although both soil properties and the choice of the species have a signifi cant infl uence on its content in plants. Therefore, it seems important to base the discussion of the phytoaccumulation abilities of different plant species on metal speciation analysis and on determining the way of the co-occurrence of selected elements (Krzesłowska et al. 2010, Gruca-Królikowska and Wacławek 2006) .
In this light, the research which is not only to confi rm the occurrence of antagonism between the selected metal ions in plants with similar contents of bioavailable forms of these metals in the soil, but also to answer the question of whether a potential antagonism between lead and zinc ions depends on the plant species seems to be justifi able. 13'18.34'' ± 0.50'') . This area is a part of the Jurassic Landscape Parks and is directly adjacent to the "Gąszczyk" -the planned Wladyslaw Hyla forest reserve. It is located in the north-western part of the Czestochowa Upland (Poland) (Hereźniak 1984) .
Materials and methods
Plants were collected in the fl owering period (60 species of 15 pieces) from 14 stands, each of an area of 5 m 2 . The plants washed with redistilled water and air dried in well ventilated, dry and clean rooms were crushed in an agate mortar, and ground using various types of mills, with special plastic blades. Samples of mass 1 g ± 0.00001 quantitatively transferred to conical fl asks were treated with 10 cm 3 of spectrally pure concentrated (65%) HNO 3 Supra Pure Merck (Germany). The plant samples were digested in conical fl asks of 100 cm 3 sand bath at a temperature of 70°C ± 2°C until the clear solution.
Soil samples were taken after the thaw from the root layer of the tested plant habitats, from the surface without undergrowth of size 20-50 cm 2 . The soil, (each sample of 1.5 kg) was dried using radiant tubes and ground in a mortar and sieved through a 1 mm mesh. In the next step the samples were ashed in a muffl e furnace (temperature 400-600°C) until the constant weight. Next, the soil samples (1 g each) were treated with spectrally pure concentrated (65%) HNO 3 Supra Pure Merck (Germany) in an amount of 5 cm 3 . In order to isolate the various chemical forms of metal occurrence in the soil the samples were subjected to speciation analysis. The methodology of Rudd (Rudd et al. 1988) , was applied, which is based on sequential extraction. Extractions of each of the samples (sample weight of the soil 1 g ± 0,00001) were carried out using a spectrally pure reagents in a ratio of 1:40: removable form -1,0 M KNO 3 ; adsorbed form -0.5 M KF, (pH = 6.5); organic connections -0.1 M Na 4 P 2 O 7 ; carbonates -0.1 M EDTA (pH = 6.5); sulphides -6.0 M HNO 3 . The tested soil samples were treated with the mentioned above solutions within 24 hours. The next step was centrifugation (for 10 minutes) of the analyzed samples (400 rev./min), and then the samples were washed with redistilled water (25 ml) and subjected to the centrifugation once more (for 5 min -400 rev./min). The obtained extracts were acidifi ed to a concentration of 1% HNO 3 . The recovery procedure ensured Pb and Zn in 99%. Each series of measurements was conducted with three blind tests, the values of which were taken into account in the results of the tested samples. The heavy metal content in the tested samples of soils and plants was determined by atomic absorption spectrophotometry using a Spectrophotometer Pye Unicam SP9 with the use of a hollow cathode lamp and acetylene-air fl ame, to the nearest 0.01 μg/g (Whiteside and Milner 1984) . The detection of the studied metals was [μg/cm 3 ]: Pb -0.100; Zn -0,010. The precision and accuracy of assays was monitored with the standard addition method by National Metrology Institute as well as with a certifi ed reference material of a comparable content of the tested metal in relation to the analysed material: for soils-CRM277 (BCR); for plants-CTA-VTL-2 (ICH and TJ). The differences were 2-4%.
In addition, an intercalibration study (6 reference samples of the tested soil) was conducted in the Department of Environmental Monitoring, Central Mining Institute in Katowice. The results of analyses in comparison with the results of intercalibration study differ in the range of 3-5%.
In the case of some plant species there was no material representing a specifi c organ. Such cases are indicated in Table  2 and in Figs. 1-4 with the mark (*), while in Figs. 5-8 there is included a number of samples, giving the value of n for each organ of the tested plants.
Results and discussion
The content of lead and zinc [μg/g] in soil samples and the percentage of metal in different chemical forms are shown in Table 1 . Based on the obtained results of the lead and zinc content in the soil, one can rank these metals as follows: Zn > Pb. Analysis of the results showed that the total lead content does not refl ect the mobility and thus availability for plants. In the case of zinc one can indicate an inverse relation. The participation of zinc in two most mobile forms, exchangeable and adsorbed ones, shows a considerable availability for plants. According to the literature (Terelak et al. 2000) , lead, due to the relatively limited solubility of minerals, is less mobile than zinc in the environment.
In the studied soils, there were small differences in the amount of lead (the standard error was 0.1 μg/g for n=14). The total content of it in the soil was 23.5 μg/g which was similar to the results obtained in the soils of the north-eastern Poland -29 μg/g (Niesiobędzka 2000) . The average content of lead in agricultural land in Poland is 14 μg/g (Kabata-Pendias and Pendias 2001-a), in the Kłodzko Valley -10 μg/g (Wacławek and Maćko 2001) . According to Czarnowska (Czarnowska 1996) "geochemical background" the content this metal is 3 to 18 μg/g soil. Terelak and co-authors (Terelak et al. 2000) indicate that the average lead content in soils of agricultural land in Poland is 13.8 μg/g. The level of lead in the tested soil did not exceed the limit value of 100 μg/g (Dz. U. No. 165/2002 item. 1359). IUNG (Sauve et al. 1997 ) assumes as a natural value of lead concentration: about 31 mg/kg of Pb in light acid soils, 50 mg/kg of Pb in light neutral soils, and 70 mg/kg in heavy soils with a pH slightly acidic or neutral. The results obtained allow to classify the tested soils as "clean" ones with natural content of this component.
Zinc content in soil is typically in the range of 10-200 μg/g (Dziubanek et al. 2012 ). In the tested soil the zinc content was at the level of 89.39 μg/g, and the result is within the accepted limits, but it exceeds the content suggested by other authors. Kabata-Pendias (Kabata-Pendias and Pendias 2001-a) provides the limit of Zn content of 80 μg/g and Terelak and co-authors (Terelak et al. 2000) believe that the content of zinc in soils in Poland does not exceed 40 μg/g. The literature data indicate that in the areas of urban and industrial emissions the zinc content in soils can exceed the normative values of 300 μg/g (Dziubanek et al. 2012 ), but in this case it does not. A comparison of the identifi ed zinc content with the cited data (Niesiobędzka 2000) showed that the tested soils contain this element in geochemically average amounts.
Coexistence of Pb with Zn is described by the correlation coeffi cient: the positive one indicates directly proportional changes, and the negative one -changes which are inversely proportional. The interdependence of lead and zinc is described by the correlation coeffi cient, which in the exchangeable form in soil is 0.87 and in the absorbed form it is 0.38. In the both cases the positive coeffi cient indicates directly proportional relation. According to Zwonitzer and co-authors (Zwonitzer et al. 2003) , zinc usually accompanies lead in the soil, which is refl ected in the obtained results.
The contents of lead and zinc in different organs of the studied plant species are shown in Table 2 .
The content of heavy metals in plants is generally a refl ection of the amount of these bioavailable forms in soil. The results regarding the occurrence of heavy metals in plants are a valuable complement to the existing knowledge about the accumulation of metals in plants. In the analyzed plant species the lead content was in the range [μg/g]: 2.49-33,80 for roots; 2.49-8.32 for the stems; 2.48-5.26 for fl owers; 2.49-13.65 for leaves. The zinc content in different organs of the plant was [μg/g]: root: 20.79-531.31; stem: 9.03-171.92; fl ower: 20.09-170.68; leaf: 16.51-754.94 . One must note that the level of Pb and Zn in some species exceeded the amount of these metals reported by other authors, e.g. in the species collected from southern Poland (Łaszewska et al. 2007 ). According to the literature, the average lead content in plants from contaminated areas is even up to 387 μg/g (Wybieralski and Maciejewska 2011), while from uncontaminated areas it is about 0.4 μg/g (Niesiobędzka 2000 ) and 0.35 μg/g (Wacławek and Maćko 2001) . In grasses studied on permanent pastures near Warsaw (Wawkonowicz et al. 2011) , lead content was in the range of 3.9 to 7.5 μg/g. These results do not indicate signifi cant pollution of the species with the studied metal, however, they exceed the levels obtained by other cited authors. Wawkonowicz and co-authors (Wawkonowicz et al. 2011) indicate that in grasses the zinc content (Zn) ranged between 16 and 48 μg/g. However, according to Kabata-Pendias and co-author (Kabata-Pendias and Pendias 2001-a) the content of Zn in grasses in Poland is in the range from 12 to 72 μg/g, with an average of 30 μg/g. The results indicate that in the case of some plant species (Table 2) these values were signifi cantly exceeded. The largest amounts of the metals were accumulated in the roots and leaves of the plants.
Lead is unevenly accumulated by the plant. Its concentration is greatest in those organs of the plants which are exposed to direct contact with its compounds. It is mainly accumulated (93-96%) in the roots of plants (Badora and Kozłowska-Strawska 2011 , Siwek, 2008 , Gruca-Królikowska and Wacławek 2006 . Only a small part of the quantities drawn gets into the shoots. The uptake of the metal ions by the roots is a passive process and depends on the levels of bioavailable forms in soil (Janowska and Szymańska 2005) . The high levels of lead content in leaves of some plant species may indicate that the lead compounds from the atmosphere went into leaves through the stomata, or after a prior cuticle damage, for example, as a result of acid rain or ozone. This problem does not apply to high zinc content in the leaves of some species, because the cuticle and the hair layer are not a barrier for it (Skołożdrzy et al. 2001 , Terelak et al. 2000 , Woźny 1995 .
Incidentally high levels of these elements were also in fl owers and stems of some species. This fact may suggest the contamination of the plants with these metals, as a result of atmospheric dust fall (Kabata-Pendias and Pendias 2001-a). In the case of zinc it can be a natural process comparable to ions metal accumulation in roots and shoots (Siwek 2008 
Antagonism between lead and zinc ions in plants 83
The results of analyzes have also shown a relation between the total lead content and its level in plants. The lead content in some plants (Table 2) did not correlate with a lead content in bioavailable forms (Table 1) , which may be due to the fact that 73 to 95% of the metal compounds in plants is of atmospheric origin, not geochemical one from the soil (Kabata-Pendias and Pendias 2001-a).
Lead is one of the elements strongly accumulated in the plant. The observed high correlation coeffi cient between the lead and zinc in the exchangeable form in soil could suggest that in different plant organs one can also notice apparent positive correlation between these metals. However, in the literature (Aslan et al. 2003 , Bolan et al. 2003 there is emphasized the presence of antagonism between metals and macro-or microelements, therefore, this issue is illustrated by a series of engravings, that show the changes to the quotient of the contents of Pb/Zn in the tested plants as a function of Zn content changes Fig. 1-4 .
In all the analyzed organs of the plants, together with the increase of zinc content there is observed the antagonism of lead, the content of which is maintained at the level characteristic for the species (Figs. 1-4 When the zinc content is from 100 to 180 μg/g, antagonism of lead is in fl owers of the following plant species (Fig. 3 Antagonism between lead and zinc were also observed in the leaves of individual plant species (Fig. 4) . When zinc content is 300 to 800 μg/g, antagonism of lead refers to the following species: Devil's-bit Scabious (Succisa pratensis Moench.), Cowbane (Cicuta virosa L.) and Woodland Ragwort (Senecio sylvaticus L.).
One of the important factors affecting the uptake of the metals from soil is a plant species and root structure. The literature widely describes the differences in the uptake and accumulation of metals depending on the element, plant species and population (Krzesłowska et al. 2010 , Peralta-Videa et al. 2009 , Korzeniowska and Stanisławska-Glubiak 2007 , Vaillant et al. 2005 , Tyksiński and Kurdubska 2004 , Lehmann and Rebele 2004 , Shu et al. 2002 , Mengel et al. 2001 -b, Marschner 1995 . So far, there has also been proved that an adequate content of microelements can lead to a reduction in accumulation of heavy metals in plants (Gruca-Królikowska and Wacławek 2006). According to Kabata-Pendias, zinc impairs the transport of lead to the aerial parts of plants (Kabata-Pendias and Pendias 2001-a), which could confi rm the observed phenomenon of discrimination of lead by zinc in the case of fl owers, stems and leaves of some tested species.
In conclusion, the above analyses show that the potential antagonism between Pb and Zn occurs only in the case of some plants (and within the selected organs of the plants). Therefore, in order to illustrate better the degree and way of coexistence of the analyzed metals in different organs of the tested plants the linear regression equation was used (Figs. 5-8) . The interpretation of the regression equations presented below is as follows: the coeffi cient before the metal is a measure of the increase (or decrease) of the contents of one element while changing the content of the other element; the intercept is the value above which one can observe a certain relation, which is described by the correlation coeffi cient.
The change of Pb content in the function of Zn content changes in roots of the tested plant species is described by regression equation (Fig. 5) : Pb = 0,0143*Zn + 5,26; R 2 = 0,0485. According to the above interpretation, the change in Zn content by 100 units will result in the increase of Pb in the root by 1.43 μg, but only above the level of Zn equal to 5.26. The above conclusion is justifi ed for 4.85% of the cases. Analysing the equation describing the change of Pb and Zn in stems of the tested plants (Fig. 6 ).: Pb = 0.0037*Zn + 2.78; R 2 = 0.018, we note that the change in Zn content by 100 units causes an increase of Pb content in the stems by 0.9 μg (when the Zn content is higher than 2.61). This relation describes less than 2% of cases. Considering the next two regression equations describing the change of Pb and Zn content in fl owers (Fig. 7.) and leaves (Fig. 8.) we can see that they describe a number of cases which are insignifi cant from the statistical point of view: fl owers: Pb = -6E -05*Zn + 2.95; R 2 = 5E -06; leaves: Pb = 0.0038*Zn + 3.37; R 2 = 0.047. The calculated Pearson correlation coeffi cients (root: 0.220; stalk: 0.134; fl ower: -0.002; leaf: 0.217) indicate a low level of relation between the considered variables. The considerations therefore confi rm that the competition between Pb and Zn is not a permanent phenomenon, but is likely to be observed in some morphological parts of the selected plant species. Confrontations of intercepts including the regression equations for the root, stem, fl owers and leaves are considered helpful in explaining physiological levels of a given element and the various interactions between metals.
The above considerations are confi rmed by Aery and Rana (Aery and Rana 2007) , who while studying the interactions between Zn and Pb in barley also observed antagonistic reactions between these metals, but only at a specifi c (in this case higher), range of concentrations of these metals. A similar relation has been noted by Symeonidis and Karataglis (Symeonidis and Karataglis 1992) in the studies of interactions between the metals in Holcus lanatus L. The antagonistic effect of Zn on Pb was also observed in Faba vulgaris Moench (Bystrická et al. 2013) . Reduction of lead content to 0.61 ± 0.17 μg/g was due to the presence of zinc in an amount of 80 μg/g. According to the authors of the cited works (Khan et al. 2013) , the response of plants in such a situation is sometimes individual, and the decrease in lead content in the presence of zinc (with a different range of concentrations of these metals), should be treated as a feature specifi c to a given species. 
